Azole resistance has been insufficiently investigated in the yeast Candida tropicalis. Here we determined the molecular mechanisms responsible for azole resistance in a clinical isolate of this pathogenic yeast. Antifungal susceptibility testing performed by a disk diffusion method showed resistance or markedly decreased susceptibility to azoles, which was confirmed by determination of MICs. Considering the relationship between azole susceptibility and the respiration reported for other yeast species, the respiratory activity of this isolate was investigated. Flow cytometry using rhodamine 123 and oxygraphy demonstrated an increased respiratory activity, which was not linked to an overexpression or increased number of copies of the mitochondrial genome. Among previously described resistance mechanisms, an increased activity of efflux pumps was investigated by flow cytometry using rhodamine 6G. However, the efflux of rhodamine 6G was lower in the resistant isolate than in susceptible ones. Likewise, real-time reverse transcription-PCR quantification of the expression of C. tropicalis MDR1 (CtMDR1), which encodes an efflux protein belonging to the major facilitator superfamily, did not show overexpression of this gene. In contrast, the resistant isolate overexpressed the CtERG11 gene coding for lanosterol 14␣-demethylase. This was in agreement with the larger amount of ergosterol found in this isolate. Moreover, sequencing of CtERG11 showed a point mutation leading to a tyrosine substitution in the protein sequence, which might lead to decreased binding affinity for azoles. In conclusion, overexpression of CtERG11 associated with a missense mutation in this gene seemed to be responsible for the acquired azole resistance of this clinical isolate.
The incidence of life-threatening fungal infections due to Candida species has increased markedly over the past 2 decades. These opportunistic infections are particularly frequent in severely immunocompromised patients, such as organ or bone marrow transplant recipients, those receiving cytotoxic drugs for treatment of an underlying cancer, and patients with AIDS (19, 32) . Currently, yeasts belonging to the Candida genus rank fourth or fifth among the causative agents of septicemia (5) . To fight these infections, four main classes of antifungals are now available (22, 26) : polyenes (mainly represented by amphotericin B) and azoles, which act on membrane ergosterol and its biosynthetic pathway, respectively; pyrimidine analogs represented by flucytosine (5FC), which, through its intracellular conversion to 5-fluorouracil, inhibits protein synthesis and DNA replication; and the recently commercialized caspofungin, which inhibits the synthesis of the cell wall ␤-glucan polysaccharides (8) .
However, as a result of the extensive use of antifungals in prophylaxis or therapy of mycoses, the recovery of resistant yeast isolates has been increasingly reported (7, 12, 21) . Additionally, a marked shift in the distribution of yeast species was observed (37) . Although Candida albicans remains by far the most common species encountered, more than 30% of all yeast infections are due to non-C. albicans species, such as Candida glabrata, Candida tropicalis, Candida krusei, and Candida parapsilosis, which presently comprise, along with C. albicans, nearly 95% of clinical yeast isolates. For example, in the United States, the prevalence of C. albicans in septicemia has declined from 87% of the total yeast isolates in 1987 to a low of 31% in 1992, with concomitant increases of C. glabrata (from 2% to 26%), C. tropicalis (2% to 24%), and C. parapsilosis (9% to 20%) (23) . Precise identification of these non-C. albicans species is required, considering the therapeutic hazard of some of these species, which can be naturally resistant or poorly susceptible to current antifungals. For example, C. krusei is naturally resistant to fluconazole and C. glabrata is susceptible only to high doses of this drug.
Among non-C. albicans species, C. tropicalis represents the third most common species isolated but the second in respiratory specimens. This yeast usually remains susceptible to polyenes and azole antifungals but is frequently resistant to 5FC (10) . However, clinical isolates resistant to azoles, particularly to fluconazole, are increasingly reported (18, 33, 38) .
While resistance mechanisms to 5FC have been extensively investigated in C. tropicalis, little information is available about the mechanisms responsible for its azole resistance. Resistance mechanisms have been studied principally in C. albicans (4) and C. glabrata (3, 30, 36) . Three main mechanisms are usually described (29) : (i) increased efflux of the azole drug, due to the overexpression of efflux pumps such as the ATP-binding cassette (ABC) transporters, which use ATP as the source of energy, and the major facilitator superfamily (MFS) mem-brane transporters, which use a proton gradient; (ii) overexpression of the ERG11 gene, coding for the azole target lanosterol 14␣-demethylase; and (iii) a point mutation in the ERG11 sequence which leads to a decreased affinity of azoles for their target and, therefore, to an azole resistance. These three mechanisms can be found separately, but they can also be combined, contributing to a step-by-step acquisition of azole resistance (17) .
Concerning C. tropicalis, only one strain resistant to azole antifungals has been studied (1) . For this strain, azole resistance was due to an increased efflux of azole drugs linked to an overexpression of the C. tropicalis MDR1 gene (CtMDR1), which encodes an MFS protein, whereas a gene homologue of C. albicans CDR1, encoding an ABC protein, was not overexpressed. However, azole resistance of this strain was induced in vitro by successive passages on fluconazole-containing agar plates. In the present study, we determined the molecular mechanisms responsible for azole resistance in a clinical isolate of C. tropicalis obtained from a urine sample of a patient previously treated with miconazole for inguinal candidiasis.
azole, which was not available as an Etest strip, MICs were determined by microdilution assay by following the NCCLS M27A protocol in Casitone and RPMI 1640-glucose broths inoculated with 10 3 blastoconidia/ml (200 l per well of the microtiter plates). Clotrimazole was dissolved in dimethyl sulfoxide to reach final concentrations ranging from 0.1 to 250 g/ml. After incubation for 48 h at 37°C, the absorbance at 595 nm was read. The MIC 90 was defined as the lowest concentration of the drug that inhibited growth by at least 90% compared with the growth of the drug-free control. All of these experiments were performed in triplicate. Results, which are expressed as mean values, were analyzed using the Wilcoxon-Mann-Whitney test.
Characterization of the respiratory activity. The respiratory status of the cells was determined by flow cytometry after incubation with rhodamine 123, a fluorescent dye that incorporates into the mitochondrion in a transmembrane potential-dependent manner (25) . Blastoconidia from 48-h-old cultures in YEPD broth were harvested by centrifugation and washed in distilled water. Cells were resuspended in 0.15 M phosphate-buffered saline (PBS) at pH 7.2. Cells (2 ϫ 10 6 /ml) were incubated for 30 min at 37°C in the presence of 10 g/ml rhodamine 123. To inhibit the electron flow of the respiratory chain, cells were first incubated with 1 mM sodium azide for 2 h at 37°C before the addition of rhodamine 123. After cells were washed in cold PBS, the fluorescence of 10,000 cells was quantified with a FACScan flow cytometer (BDIS Europe, Erembodegem, Belgium) and the data were analyzed with the Cellquest software from BDIS.
The respiratory activity of the four isolates was also determined by oxygraphy using stationary growth-phase blastoconidia (48 h at 37°C) from YEPD agar plates. After being washed in sterile distilled water and enumerated by hemocytometer counting, cells (10 9 /ml) were suspended in 10 mM potassium phosphate buffer, pH 7.4, containing 20 mM glucose. Oxygen consumption was measured at 37°C with an Oxytherm oxygraph (Hansatech Instruments Ltd., Norfolk, England) on 10 8 cells. Respiration activities are expressed as nanomoles of oxygen consumed per milliliter per minute.
Analysis of the mitochondrial genome was performed by quantification of the number of copies and of the expression of the mitochondrial CtCYTb gene, which encodes cytochrome b, by real-time PCR and real-time reverse transcription-PCR as described below.
Sterol analysis. Sterols were extracted from 50 mg lyophilized cells grown to stationary phase in YEPD broth. Extraction was performed by saponification at 90°C for 1 h in methanolic 40% (wt/vol) KOH in which pyrogallol was added. After cooling and addition of water, the unsaponified fraction was removed by the addition of 3 volumes of heptane. The UV spectrum was determined after desiccation of the heptanic fraction, and the amount of ergosterol was evaluated by determining the maximum absorbance at 281.5 nm (31) . The sterol species of the heptanic fraction were then separated by gas chromatography with an AT-1 capillary column (25 m by 0.32 mm; Alltech Canada Biotechnology Centre Inc., Guelph, Canada) and finally identified by their relative retention times.
Flow cytometric analysis of the efflux of rhodamine 6G. The activity of efflux pumps was evaluated by flow cytometry as previously described (3) by measuring the efflux of rhodamine 6G, a fluorescent dye which uses the same membrane transporter as azoles in some yeast species (14) . Briefly, yeast cells (10 7 ) of each isolate grown in YEPD were suspended in 1 ml of culture medium containing 100 M rhodamine 6G (Sigma Aldrich Ltd.). After incubation for 30 min at 30°C with constant shaking, the uptake of rhodamine 6G was stopped by cooling the tubes on ice. The reaction mixtures were then 40-fold diluted in cold sterile PBS, and the fluorescence of the cells was immediately quantified at 535 nm with a FACScan flow cytometer (BDIS). The cells were then washed three times in cold YEPD medium to remove excess rhodamine 6G, and efflux was evaluated after an additional incubation of 15 min at 30°C in the same medium by measuring the fluorescence of the cells after a 40-fold dilution in PBS. The data presented correspond to fluorescence frequency distribution histograms (number of fungal cells versus relative fluorescence intensity expressed as arbitrary units on a logarithmic scale).
For some experiments, the intracellular accumulation of the fluorescent dye was also measured, as described above, using cells previously incubated for 2 h in the presence of 1 mM potassium cyanide.
CtERG11 gene sequencing. Five pairs of oligonucleotide primers presented in Table 1 were designed with the WebPrimer program (http://seq.yeastgenome .org/cgi-bin/web-primer) from the C. tropicalis ATCC 750 CtERG11 gene sequence (GenBank accession number M23673) and synthesized by Eurogentec (Seraing, Belgium). Genomic DNA was extracted from each isolate using the DNeasy Plant minikit (QIAGEN Inc., Valencia, Calif.) and used as the template for PCR amplification (5 min of denaturation at 94°C, followed by 30 cycles of 30 s at 94°C for denaturation, 40 s at 50°C for annealing, and 50 s at 72°C for elongation, and by a final elongation step of 10 min at 72°C). PCR products were purified with the High Pure PCR products purification kit (Roche Diagnostics
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GmbH, Mannheim, Germany) according to the manufacturer's recommendations. They were then semiquantified by agarose gel electrophoresis and used as the template for sequencing PCR, which was performed with the Dye Terminator cycle sequencing quick start kit (Beckman Coulter Inc., Fullerton, Calif.). The sequencing PCR products were then purified through G50 Sepharose columns (Amersham Biosciences) and, finally, sequenced on a CEQ8000 DNA analysis system (Beckman Coulter) with the aforementioned forward and reverse primers. mRNA extraction and real-time reverse transcription-PCR. Total RNA was extracted from exponential-phase YEPD broth cultures. Cells were collected by centrifugation for 5 min at 3000 ϫ g and then washed in sterile distilled water and resuspended in 2 ml of 50 mM sodium acetate, 10 mM EDTA, 10% (wt/vol) sodium dodecyl sulfate. Two milliliters of phenol was added, and the suspension was vigorously shaken. The suspension was incubated at 65°C for 4 min and then quickly frozen at Ϫ80°C for 15 min, reincubated at 65°C for thawing, and finally centrifuged. The aqueous supernatant was collected, and RNA was recovered by phenolic extraction followed by ethanol precipitation and finally resuspended in 100 l of diethyl pyrocarbonate-treated water.
Total RNA was used to perform real-time reverse transcription-PCR in order to quantify the expression of the CtERG11, CtMDR1, and CtCYTb genes. Reverse transcription was performed on 1 g of total RNA incubated for 1 h at 37°C in a thermocycler in the presence of 2.65 g random oligonucleotides (Amersham Biosciences), 2 l 10 mM each deoxynucleoside triphosphate, 40 U RNasin RNase inhibitor, and 200 U Moloney murine leukemia virus reverse transcriptase (Promega, Charbonnières, France) in a final volume of 50 l. The obtained cDNAs were purified with the Qiaquick PCR purification kit (QIA-GEN) by following the manufacturer's recommendations and diluted 10-fold in distilled water. Quantitative PCR was performed on a capillary real-time thermal cycler (LightCycler; Roche Diagnostics), and the results were normalized to ␤-actin mRNA. Amplification was done in a 10-l final volume containing 1 l from the LightCycler Fastart DNA Master SYBR green kit (Roche Diagnostics), 1 l of primer mix (5 nM each), 1.2 l MgCl 2 (4 mM final concentration), 1.8 l H 2 O, and 5 l cDNA. The following run protocol was used: denaturation at 95°C for 10 min, followed by 40 cycles consisting of 15 s at 95°C for denaturation, 11 s at 54°C for annealing, and 22 s at 72°C for elongation. For the CtCYTb gene, a real-time PCR was also performed on 1 g of total genomic DNA, without a reverse transcription step, in order to quantify the number of gene copies. Primers used to perform real-time PCR and real-time reverse transcription-PCR experiments are described in Table 1 .
Nucleotide sequence accession numbers. The CtERG11 gene sequences of the four C. tropicalis isolates were deposited in the GenBank database under the accession numbers AY942643, AY942644, AY942645, and AY942646 for isolates 21232, 21233, 21234, and 10264, respectively.
RESULTS
Antifungal susceptibility. The disk diffusion assay revealed for isolate 21234 a complete resistance to all azoles tested except ketoconazole on RPMI 1640-glucose agar and Casitone agar, whereas the three other control isolates were susceptible to azoles (Table 2) . Indeed, on Casitone agar plates, no inhibition zones were seen for isolate 21234 with azoles, whereas well-defined inhibition zones were observed for isolate 21232. On RPMI 1640-glucose agar, isolate 21234 showed a markedly decreased susceptibility to ketoconazole, with an inhibition 
a Nucleotide coordinates refer to the corresponding gene sequence in the GenBank database. a In vitro susceptibility testing was performed by a disk diffusion method on Casitone agar and RPMI 1640-glucose agar plates using Neosensitabs tablets (containing 1 g of drug for voriconazole, 10 g for amphotericin B and clotrimazole, 15 g for fluconazole and ketoconazole, and 50 g for nystatin). Results, which are expressed as mean values of three independent determinations, correspond to the diameters of growth inhibition zones. Standard deviations of the means represented less than 10%. TR, total resistance (no inhibition zone). Data were analyzed with the Wilcoxon-Mann-Whitney test at the unilateral risk ␣ of 0.05. Mean diameters of the inhibition zones were statistically different between isolate 21234 and the three other isolates (i.e., smaller for azoles and larger for polyenes), except for amphotericin B and nystatin on RMPI 1640-glucose agar.
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zone diameter of 12.7 mm versus 25.3 to 28.7 mm for the three susceptible isolates (Table 2 ). On Casitone agar plates this isolate also showed a greater susceptibility to polyenes than the other isolates, but this result was not confirmed on RMPIglucose agar (Table 2) . These results were in agreement with MICs determined for amphotericin B, voriconazole, ketoconazole, and fluconazole using the Etest procedure on Casitone agar and RPMI 1640-glucose agar plates (Table 3) . Indeed, the amphotericin B MIC for isolate 21234 was lower than for the other isolates on Casitone agar exclusively, and no inhibition zones were seen for isolate 21234 with fluconazole and voriconazole on both culture media. Moreover, this method confirmed the discrepancy observed with isolate 21234 for ketoconazole by the disk diffusion method on Casitone and RPMI 1640-glucose agar, since the ketoconazole MIC was 1.5 g/ml on RPMI 1640-glucose agar, whereas it was Ͼ32 g/ml on Casitone agar. Determination of the clotrimazole MIC 90 performed by the broth microdilution method confirmed the decreased susceptibility of isolate 21234, as evidenced by the disk diffusion method (Table 3) .
Respiratory activity. The activity of the mitochondrial respiratory chain was analyzed by flow cytometry after staining of the cells with rhodamine 123. The azole-resistant isolate incorporated more fluorescent dye than the three susceptible isolates, with a mean fluorescence intensity of the cells of 2,150 arbitrary units, versus an average of 1,650 for the three others. Moreover, the respiratory activity of the resistant isolate was more sensitive to sodium azide, with a threefold decrease in mean fluorescence intensity of the cells after their preincubation with this inhibitor (down to 770 arbitrary units), whereas it remained almost unchanged for susceptible isolates (data not shown).
The oxygen consumption rate of the four isolates, determined by oxygraphy, confirmed the higher respiratory activity of isolate 21234 as suggested by flow cytometry. Indeed, its respiration rate was 44 nmol/ml/min versus an average of 25 nmol/ml/min for susceptible isolates (Fig. 1) . These results led us to investigate the respiratory activity at a biomolecular level, by quantifying the CtCYTb gene mRNA level and copy number. However, no differences were seen between resistant and susceptible isolates (data not shown).
Sterol composition. Analysis of the sterol content by gas chromatography did not reveal qualitative differences between resistant and susceptible isolates. The same molecular species were detected for all isolates, with ergosterol always being the prominent sterol, with a peak area ranging from 78.9% to 92.5% of the total sterols, depending on the isolates. However, spectrophotometric evaluation of the sterol content showed an accumulation of ergosterol in the cells of the azole-resistant isolate 21234, with an ergosterol content 1.5-fold higher than in cells of susceptible isolates (1.6 g/mg [dry weight] for isolate 21234 versus 0.95, 1.09, and 0.94 g/mg for isolates 21232, 21233, and 10264, respectively).
Uptake and efflux of rhodamine 6G. The accumulation and efflux of rhodamine 6G were quantified by flow cytometry. As illustrated in Fig. 2 , the azole-resistant isolate incorporated less rhodamine 6G than susceptible isolates. After a 30-min incubation in YEPD broth with the fluorochrome, the mean fluo- rescence intensity of the cells was lower for isolate 21234 than for wild-type isolates (2,150 arbitrary units against an average of 2,850 for susceptible isolates). Moreover, the efflux of rhodamine 6G was very low for isolate 21234, since the residual fluorescence intensity after removal of the free dye and an additional 15-min incubation corresponded to 76% of the total quantity accumulated, whereas it was only 27%, 52%, and 44% for isolates 21232, 21233, and 10264, respectively. In addition, prior incubation of the cells for 2 h in the presence of potassium cyanide in order to deplete them of their endogenous ATP resulted in a 30% increase in the mean fluorescence intensity of the cells, whatever the isolate. This suggested that the lower accumulation of the dye in a resistant isolate than in susceptible ones was not related to a high intrinsic efflux capacity.
Analysis of CtERG11 gene sequences.
Comparison of the CtERG11 gene sequences of the four isolates studied with the available corresponding sequence in the GenBank database (accession number M23673) revealed several point mutations (Fig. 3) . Indeed, some nucleotide substitutions located outside the coding sequence were detected: four in isolate 10264, five in isolates 21232 and 21233, and seven in isolate 21234. In addition, isolates 21232 and 21234 shared two point mutations in their coding sequences (T224C and G263A) that did not affect the deduced amino acid sequence for CtERG11p. The CtERG11 sequence of isolate 21234 presented three other silent mutations, T781C, G1360A, and T1553C. A missense mutation (A393T) was also found for isolate 21234, leading to the substitution of tyrosine by phenylalanine at position 132 in the deduced lanosterol 14␣-demethylase sequence. In addition, analysis of chromatograms revealed a heterozygoty for some of the silent mutations (T224C and G1361A for the resistant isolate) or of the mutations located outside the coding sequence (A1668G for the resistant isolate and C1698T, T1777A, and C1782T for the susceptible isolate 21233). All other mutations, including the missense mutation A393T detected for the resistant isolate 21234, were shared by the two alleles.
Expression levels of the CtMDR1 and CtERG11 genes. Quantification of the expression of the CtMDR1 and CtERG11 genes was performed by real-time reverse transcription-PCR. The MFS transporter and lanosterol 14␣-demethylase mRNA values were normalized to that for ␤-actin mRNA. The specificity of the amplification reaction was verified by determination of the lengths of the PCR products by agarose gel electrophoresis (data not shown). Figure 4 shows the induction factors calculated from three independent experiments for isolates 21234, 10264, and 21233 compared to that for isolate 21232. No significant difference was found between the CtMDR1 mRNA levels of the four isolates tested, as the induction factors did not exceed 1.7 compared to that for isolate 21232. In contrast, the CtERG11 mRNA level was approximately fivefold higher in the azole-resistant isolate 21234 than in isolate 21232, whereas it was increased approximatively twofold for the two other isolates, 10264 and 21233.
DISCUSSION
Little information is available concerning the molecular mechanisms leading to azole resistance in the pathogenic yeast C. tropicalis. However, due to the extensive use of antifungals in the prophylaxis or treatment of candidiasis, azole-resistant clinical isolates are increasingly reported for this species (18, 33, 38) . Here we studied a clinical isolate of C. tropicalis presenting a resistance to azole antifungals and determined its resistance mechanisms.
Determination of the susceptibility of C. tropicalis to azoles by a disk diffusion method on Casitone and RPMI 1640-glucose agar showed a complete resistance (or a markedly decreased susceptibility) to all azoles tested. In contrast, this isolate showed an increased susceptibility to polyene drugs compared to three azole-susceptible isolates used as controls, but only on Casitone agar. Interestingly, determination of antifungal MICs by the Etest procedure or the broth microdilution method confirmed the markedly decreased susceptibility of isolate 21234 to ketoconazole and its complete resistance to the other azoles tested. Such differences in antifungal activity between ketoconazole and the other azole antifungals, including triazoles, have already been reported for azole-resistant clinical isolates of C. glabrata (35) . Moreover, a greater antifungal activity of ketoconazole versus fluconazole has been shown in vitro against C. albicans, although fluconazole presented the higher efficiency in vivo (24) . As suggested by previous studies performed in our hospital laboratory or by other groups on petite mutants of Saccharomyces cerevisiae (9) and C. glabrata (2, 3, 6) , cross-resistance to azoles may be linked to a loss of respiratory activity. Relationships between mitochondrial functions and azole susceptibility are not surprising considering the extensive cross talk that exists between the nucleus and mitochondria (20, 34) . Thus, we analyzed the respiratory status of our azole-resistant clinical isolate. Strikingly, we did not find a loss of respiratory activity in the resistant isolate 21234 but in contrast found an increased respiration. Indeed, cytometric analysis of the cell fluorescence showed an increased uptake of rhodamine 123 after incubation of the cells with the fluorochrome and a more pronounced reduction when incubation with the fluorescent dye was performed in the presence of the mitochondrial respiratory chain inhibitor sodium azide. This increased respiratory activity, which was confirmed by the evaluation of oxygen consumption by oxygraphy, was not, however, linked to a modification of mitochondrial genome expression. Indeed, neither a multiplication of CtCYTb gene copy number nor an increased expression of this mitochondrial gene could explain the higher respiratory activity of this clinical isolate, and other mechanisms must be considered. Indeed, as suggested by Lupetti et al. (13) , as well as by studies using petite mutants (2, 27) , a link between respiration and susceptibility to azoles could exist in Candida yeasts. Several mechanisms have been described for azole resistance in clinical isolates of C. albicans and C. glabrata, the most frequent being an increased efflux of the drug. However, analysis of the uptake and efflux of rhodamine 6G, which uses the same transporters as azoles in yeasts (14) , suggested that overexpression of efflux pumps was not involved in the azole resistance of our isolate. Indeed, the efflux of rhodamine 6G was very low in this isolate compared to that of the azole-susceptible isolates. Likewise, real-time reverse transcription-PCR analysis of the expression of the CtMDR1 gene, which encodes an MFS transporter, did not reveal an overexpression of this gene. This was not surprising since MFS transporters are known for their relative specificity for fluconazole among azole drugs, whereas overexpression of genes encoding ABC proteins are usually responsible for a cross-resistance to all azole antifungals (29) . So an increased expression of CtMDR1 is unlikely to be responsible for the susceptibility pattern of our clinical isolate. No ABC transporters in C. tropicalis have been characterized as yet. However, Barchiesi et al. (1) have demonstrated by Northern blotting, using C. albicans CDR1 as a probe, the presence of a homologous gene in C. tropicalis. Although flow cytometry experiments performed on native cells, as well as on cells previously depleted from their endogenous ATP, did not show increased activity of the efflux pumps and therefore favor the prediction of a modest contribution-or even no contribution-of azole efflux as a potential resistance mechanism, an upregulation of as-yet-unknown C. tropicalis ABC transporter genes cannot be ruled out.
Sterols were also analyzed qualitatively and quantitatively in order to determine if changes in the ergosterol biosynthesis pathway could be responsible for azole resistance in this clinical isolate. The major change consisted in an increased ergosterol content in cells of the resistant isolate 21234. This may be related to its greater susceptibility to polyene drugs on Casitone agar, as revealed by the disk diffusion method and confirmed by determination of the amphotericin B MIC using the Etest procedure. Induction of ergosterol biosynthesis also suggested an increased expression of the azole target, lanosterol 14␣-demethylase, which could be responsible for the azole resistance of this isolate. Accordingly, an increase in the mRNA level of the CtERG11 gene, which encodes the lanosterol 14␣-demethylase, was found by real-time reverse transcription-PCR in the resistant isolate 21234 compared to the level in control isolates. Overexpression of ERG11 may arise from an augmentation of the mRNA half-life by modification of their 3Ј-untranslated region. Likewise, a modification in the ERG11 gene promoter region, as well as a chromosome duplication leading to multiplication of the ERG11 gene, may also lead to an increase in mRNA level. This last mechanism has already been described for an azole-resistant isolate of C. glabrata, in which Marichal et al. (16) showed an overexpression of ERG11 due to the duplication of the entire chromosome bearing the ERG11 gene. Further investigations are needed to determine the precise mechanism of increased CtERG11 mRNA expression in isolate 21234.
Although less frequent than increased efflux of azole drugs, point mutations in the ERG11 gene may lead to a decrease in the affinity of azoles for their target. Besides silent nucleotide mutations, an adenine mutation to thymine at position 393 was found in the CtERG11 sequence of isolate 21234, leading to a mutation from tyrosine to phenylalanine at position 132 in the enzyme sequence. Such a modification in the amino-acid sequence could lead to structural changes sufficient to induce a decreased affinity of azoles but still permitting the enzyme activity. Several point mutations in the ERG11 gene sequence, some of them leading to a decreased affinity of azoles for their target, have been described to occur in other yeast species (15) . At least 12 have been reported to occur in azole-resistant clinical isolates of C. albicans and 7 in C. glabrata, and the mutations most frequently associated with azole resistance were Y132H, D278E, S405F, G464S, and R467K. In C. albicans, the tyrosine 132 substitution of ERG11p has already been described by N. S. Ryder and B. Favre (Abstr. 37th Intersci. Conf. Antimicrob. Agents Chemother., abstr. C-13, 1997), and Sanglard et al. (28) demonstrated its involvement in azole resistance, since this mutation induced a decrease in the affinity of azoles for lanosterol 14␣-demethylase. In azole-resistant clinical isolates of C. tropicalis, only Loeffler et al. (11) have investigated the CtERG11 gene sequence as a possible resistance mechanism. A point mutation (T1554C), recovered eight times in a set of 21 isolates, was identified, but this mutation was silent and therefore it was not linked to azole resistance.
To our knowledge, this study constitutes the first exhaustive analysis of the mechanisms responsible for azole resistance in a clinical isolate of C. tropicalis. This isolate presented a resistance or markedly decreased susceptibility to all azole antifungals tested. Although increased efflux is the most frequent mechanism involved in azole resistance, the decreased susceptibility to azoles of this isolate seemed to be due to an overexpression of CtERG11, associated with a missense mutation of this gene. However, due to the absence of matched susceptible isolates, one cannot disregard the possibility that the difference observed in CtERG11 expression between resistant and control isolates may be due to strain variations. Moreover, an increased respiratory activity was seen for this isolate by flow cytometry and oxygraphy. Further experiments are needed to determine if it plays a role in the azole resistance of this isolate. In addition, it would be interesting to investigate the respiratory activities of other azole-resistant clinical yeast isolates.
